Abstract-The deconvolution theory of thermal transitions has proven to be a powerful method with which to analyze the heat capacity function of macromolecular systems. In this article, the basic results of the theory will be presented and their application to multistate transitions and general cooperative transitions of biopolymers and phospholipid membranes will be discussed.
INTRODUCTION
The development of highly precise differential scanning calorimeters has made possible the accurate definition of the heat capacity function associated with thermally-induced transitions of proteins, polypeptides, nucleic acids, lipid bilayers and other macromolecular systems. The importance of having experimental access to the exact shape of this function is that it contains all the information necessary to develop a complete thermodynamic description of a thermally-induced transition. In fact, it has been demonstrated that the excess heat capacity function can be appropriately transformed to yield the partition function of such a system and that this partition function can be used to deduce the microscopic mechanism of the transition (Refs. [1] [2] [3] [4] [5] [6] .
In this article the analytical methods directed to obtaining a detailed statistical thermodynamic description of complex macromolecular systems will be presented. These methods constitute the basis of the deconvolution theory of thermal-transitions in macromolecules and, thus f.ar, have been applied to the study of protein unfolding reactions, helix-coil transitions in polynucleotides, thermal-transitions of transfer ribonucleic acids (tRNA) and biomembrane phase transitions.
MACROMOLECULAR CONFORMATIONAL TRANSITIONS
Most theories directed toward describing the molecular basis of function and modulation of biochemical systems include structural variations of the relevant macromolecules.
Thus important questions relate to what are the characteristics of the equilibrium and dynamic fluctuations within an ensemble of such states.
In general, the accessible structural states of a macromolecular system can be represented by the following reaction scheme: A+A A A (1) 0+ 1+ 2 n where the indexing of states is such that the enthalpy of state i (H.) is greater than the i-l state. (i.e. H>H.,). Thus as temperature i increased the population distribution mohotonically progresses toward state n. A normalized partition function for this system can be written in terms of the Gibbs energy differences as:
where (3) Since the excess enthalpy function -2 d(lnQ) <H> = <H> -H = RT (4) dT the partition function for such a system can be evaluated as (6) Similarly, giving the final state a statistical weight equal to one, another partition function can be defined such that
/Tf RT where H = H -H and T is a temperature at which F = . Therefore the probabilty o the0existece of the final state is Ff Z . This immedi--ately leads to the result that the Gibbs energy change for the transition A +A
Further, the probability of the existence of intermediate states is,
i=l 1 n=l For most globular proteins it has been found that i F. < 0.05 at all degrees of transition. This result is consistent with uch reactions being approximately two state in nature. The results of this type of analysis for Ribonuclease A are shown in Fig. 1 .
MULTISTATE TRANSITIONS
Many biological macromolecules, such as transfer ribonucleic acids, do not undergo two-state transitions. In this case, the unfolding reaction is characterized by the presence of stable intermediate states and a general description of the transition requires the identification and enumeration of the various enthalpically distinct states, and their transition tempera-tures. The heat capacity function of these multistate transitions is generally very complex. However, these curves can be deconvoluted by noting the following. The quantity Mi.
Lis.
1 RT R or by use of the relation:
Absolute fractions of molecules in each particular state i, can be expressed in a recursive form as F. = F. 
CONFORMATIONAL TRANSITIONS COUPLED TO ASSOCIATION REACTIONS
Many biological macromolecules consist of two or more molecular subunits and their conformational transitions are often coupled to associationdissociation reactions. One example of this type of process is the double stranded -single stranded transition of nucleic acids and synthetic polynucleotides. DNA and synthetic polynucleotides of complimentary sequence form well defined double-helical structures in aqueous solution. Disruption of these helical structures occurs upon increasing the temperature, giving rise to anomalous heat capacity curves such as that shown in Figure 2 .
The strand separation reaction occurs abruptly near the maximum in the heat capacity function. The gradual increase in C prior to strand separation is due to the partial unraveling at the ends of €he double strand and the formation of non-base-paired loops within the helical duplex. (From Suurkuusk, J., Alvarex, J., Freire E., and Biltonen, R., i8polymers, 16, 2641 Biltonen, R., i8polymers, 16, , (1977 
where ( I ) is the concentration of molecules in the initial state expressed in molJ 8f double-stranded polymers. tG. is the Gibb's energy difference between states i and 0. The fraction of io1ecules in the ith state, defined
is given by
and together with the partition function can be calculated with the deconvolution equations.
The overall fraction, °ht' of base pairs can be written as
and the fraction °h of base pairs among the double-stranded molecules is equal to =
DOUBLE-STRANDED PARTITION FUNCTION
The average excess enthalpy of the system <tH> can be written as
i=O 1 1 n n from which the average excess enthalpy function associated with the doublestranded molecules (<tH>*) can be calculated H.
(-tG./RT)
1-F Q* is the partition function only for double-strand forms and can be numerically obtained from the relation
IT RT 0 Having Q*, the thermodynamics of the double-stranded molecules can be described in an analogous form to that derived for the case of multistate transitions.
STRAND SEPARATION
The strand-separation step in the general reaction mechanism (Eq. 17] can be analytically isolated from the whole transition by considering the equilibrium nl I. 2 I (27) i=O 2i in with the equilibrium constant K defined as
:: '
where C is the total concentration of polymeric molecule expressed in moles of singe-stranded forms. The apparent enthalpy change for the strand separation reaction, defined in terms of the classical van't Hoff equation, is equal to
where tH is the total heat for the transition and <tiH>* is the average excess eRthalpy of the double-stranded form at the point where strand separation occurs. If the usual assumption that the only contribution to the total enthalpy change is the disruption of base pairs is made, it follows that LHvh = th (N_<n>*) (30) where Lh is the enthalpy change associated with breaking one base pair, N is the total number of base pairs per polymer chain, and <n>* is the average number of broken base pairs in the double-stranded chain immediately before the strand separation. In other words, (N_<n>*) is a measure of the size of the cooperative unit required for double-strand formation.
This analysis has been applied to the double stranded-single stranded transition of Poly (A) . Poly (U) under different ionic conditions (Ref.
3).
In Figure 3 the fraction of broken base pairs and the fraction of single stranded molecules estimated from the heat capacity function shown in Figure 2 have been plotted as a function of the temperature.
GENERAL COOPERATIVE TRANSITIONS
In many systems of biological interest (e.g., polypeptides, polyribonucleotides, DNA, and phospholipid bilayers), the individual macromolecular states differ only slightly in energy so that the discrete steps tend to merge into a near continuum of states. In such cases, it is not possible to deconvolute the transition curve into distinct transitions but, having the partition function, it is possible to describe the overall thermodynamic changes and calculate molecular distribution functions. In these types of systems, the individual macromolecular states are not uniquely defined, and therefore a better description is obtained by considering the energy states accessible to a single residue (e.g. helix, coil, etc.). Macromolecular states are then defined in terms of statistical averages and distribution functions. Cooperative transitions are generally described by specifying the relative population of residues populating a particular energy state and the statistical distribution of such residues within the macromolecular moiety. The distribution of residues is not random but is constrained by the extent and magnitude of the cooperative interactions existing within the system. The greater the cooperativity, the greater the tendency of residues in the same state to group together, and, therefore, the smaller the probability of finding a pair of neighboring residues in different states. A highly cooperative transition is then characterized by the presence of large clusters or domains of residues in the same state. Conversely, in a poorly cooperative system, the size of these clusters tends to a minimum. A two-state transition as defined previously is, within this context, a limiting case of a highly cooperative transition, i.e., one in 1 fT <th> BILTONEN and E. FREIRE which the probability of finding unlike neighbors is always zero. (1978) with permission).
Helix-coil transitions in polypeptide and polynucleotide systems, as well as the gel-liquid transition inphospholipidbilayers, are examples of these types of cooperative transitions. In such transitions, a precise evaluation of the fractional degree of melting, the relative population of residues, in the various accessible energy states, and the statistical distribution of residues within, the molecular array is of primary'interest. The knowledge of this statistical distribution will provide information regarding the size of the clusters and the equilibrium fluctuations about the statistical averages.
RESIDUE PARTITION FUNCTIONS
For a system in which the macromolecule is composed of N identical units or residues (e.g., an amino acid residue, comprising a polypeptide chain), a "residue partition function" can be defined as (31) where <th> <tH>/N is the excess enthalpy per mole of residues. As defined,, the molecular partition function, Q, will always be recovered by raising q(N) to the Nth power. It is also true that as N becomes large, q(N) approaches a limit, q, in which it is independent of N. This situation defines the thermodynamic limit in the canonical ençmble. In an analogous way a second residue par'tition 'function z = (Z) ,n can be defined, where Z is given by Eq.' 7. It can also be shown that = (32) where Lg is the Gibbs energy difference per mole of residues between the initial and final states. This relation allows calculation of g as ply (U) a [Na+] = 0. 016M. (From Freire, E. and Biltonen, R., Biopolymers 17, 497 (1978) with permission).
EQUILIBRIUM FLUCTUATIONS
In addition to calculation of cluster averages, the exact energy distribution functions can be calculated from excess heat capacity function by considering the following. The relative probability, FA (2,), of finding an A cluster of size 2, among all A clusters can be written in terms of the residue partition function q as,
The kth moment of the cluster distribution is (q-l) 9,kq2, At tg = 0, the residue partition function, q, is bounded in the interval l<q<2. It is equal to one for a classical first order phase transition and equal to two for a non-cooperative transition. According to Eq. 45, the fluctuations associated with a first order phase transition are of infinite size, in agreement with the predictions of classical theories of critical phenomena. In real systems these fluctuations are, however, finite due to such factors as the finite size of the system, the presence of impurities and most importantly, to the existence of molecular interactions not contemplated in model hamiltonians which reduce the effective magnitude of the cooperative interaction energies. Sinc.e q is directly calculated from experimental data, it implicitly contains all these possible contributions
The dispersion of the distribution, ,2, is
and, as such, allows calculation of the effective range of the fluctuationS in any physical system.
In phosphatidylcholine bilayers, for example, the magnitude of the cooperative interactions varies inversely with the length of the hydrocarbon chain. This effect is illustrated in Figure 6 , where the average cluster size has been plotted as a function of the length of the lipid acyl chains. Since the experimental lipid systems are very similar in size and the samples are equivalent with regard to their chemical purity, this phenomena most likely reflects an intrinsic characteristic of such systems. (open circle) was calculated from the heat capacity data obtained by Mabrey and Sturtevant (Ref. 9) .
VOLUME CHANGES
It was recognized in the first paper dealing with the deconvolution analysis (Ref. 1) , that the volume changes associated with a conformational transition can also be used to investigate the microscopic evolution of a system, adding a new dimension to this type of analysis. Consider, for example, the partition function Q defined by Eq. 2. At constant temperature, the pressure derivative (-9lnQ/P) defines the excess volume function, <LV>, and therefore,
JP 0
where P is a pressure at which all molecules exist in the initial state A. This is8thermal partition function, Q (P), can be deconvoluted following the same procedures developed for Q, to yield information regarding the number of intermediate states, their partial specific volumes and their corresponding transition pressures. Thus, having a family of P-V isotherms obtained at different temperatures and knowing Q(T) at constant pressures as a function of temperature from scanning calorimetric data, the system partition function in the P-V plane can be defined. From this a complete thermodynamic mapping of the system can be performed. Excess heat capacity function of macromolecular systems 43] The excess volume function, <LW>, can also be measured as a function of temperature, at constant pressures. 
where X and X are the mole fractions of components A and B. These equations can e solved at each temperature to yield F and FB, the fraction of A and B molecules in the melted state. Further anaTysis of FA and F allows calculation of the thermodynamic and cooperative behavior of eac component within the mixture.
CONCLUDING REMARKS
The potential of this analytical procedure to obtain molecular information about complex systems appears to be almost unlimited. It is to be noted, however, that the validity of this analysis requires that the systems studied be homogeneous, but not necessarily pure ; that each system in the ensemble exist in distinct thermodynamic states or that each molecular unit of the system exists in only two defined states; and that the data are obtained under equilibrium conditions. The ultimate usefulness of this approach will be realized when the energy fluctuations obtained can be quantitatively correlated with structural fluctuation which in turn can be related to variation in other physiôal or functional properties of the system of interest.
